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1 Abstract
Since 1957, Sellafield, UK has shown varying amounts of radioactive particles in the
soil. The group Radiation Free Lakeland was interested in the current radiation lev-
els at and near Sellafield. The mission of this project was to determine, categorize,
and map the radiation levels of soil originating from Sellafield and surrounding ar-
eas. This was accomplished by using a sodium iodide crystal scintillator to measure
the amount of photons emitted by the samples over a given time. When compared
to recommended levels in soil samples, the result of this research showed there was a
significant amount of radiation in some of the soil samples.
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3 Executive Summary
The goal of this project was to determine the radioactivity of soil samples collected
from the beaches of Sellafield, UK and neighboring areas. Contamination is not a new
problem for the beaches of Sellafield; however, there have been few recent studies
about this issue. The area has a rather lengthy history of nuclear activity, starting
with a fire in one of the reactors in 1957 that caused a major release of radionuclides.
More severe, however, was the dumping of radioactive effluent from the plant into the
Irish sea over the course of almost two decades. Based on this history we anticipated
finding Americium-241 and Cesium-137 as the most prominent isotopes; however, the
level in which we expected to find them was in question.
Using a sodium iodide crystal scintillator, soil samples were tested in petri dishes
for 24-hours. The purpose of these tests was to determine the radioactivity of Cesium-
137 and Americium-241 in the samples. Background radiation was taken into account
by running the detector without a sample. This was conducted several times to ensure
accurate data. Once each test was complete, the information was saved and the activity
level was exported to an Excel spreadsheet. The fractional uncertainty, the numerical
value of uncertainty in the number of counts, was calculated and carried through all
subsequent calculations.The counts detected were then converted to becquerels. The
samples were then weighed and the activity was converted to becquerels per kilogram.
To give reference to the safety of radiation found from the soil samples, the United
States Environmental Protection Agencys (EPA) 40 Code of Federal Regulations (CFR)
192.12 was used. This value was 185 becquerels per kilogram for the maximum allow-
able soil radiation within 15 centimeters of the surface. In addition to the tables, a map
was created to help illustrate the locations and activities of the samples. Red markers
were used to denote samples that exceeded recommended safe levels for Americium-
241 (Am-241) and Cesium-137 (Cs-137), yellow for just Am-241, purple for just Cs-137,
and blue for neither.
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Figure 1: An overall map showing all of the samples testediv
Table 1: Avtivity levels of Cesium in Bq/Kg
Sample Number Activity (Bq/Kg) ±σ
4 6230 ±30.6
9 81.0 ±4.13
11 121 ±4.73
13 107 ±5.36
14 267 ±4.30
15 60.9 ±10.1
16 62.6 ±4.25
17 166 ±5.30
19 259 ±2.14
21 66.5 ±2.79
22 33.5 ±4.24
23 82.6 ±4.02
25 448 ±6.24
27 65.7 ±4.55
29 438 ±5.16
31 137 ±3.98
32 483 ±5.00
33 104 ±4.11
34 271 ±4.61
35 81.5 ±4.29
36 288 ±8.30
37 43.1 ±3.60
38 36.5 ±3.72
39 16.7 ±4.76
40 238 ±4.86
42 0 ±0.00
44 179 ±9.72
46 28.4 ±5.25
49 138 ±3.22
50 36.3 ±3.96
51 21.4 ±4.80
52 411 ±7.90
55 112 ±5.62
K 16.7 ±4.76
H 21.0 ±5.08
I 13.6 ±4.73
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Table 2: Avtivity levels of Americium in Bq/Kg
Sample Number Activity (Bq/Kg) ±σ
4 6630 ±22.2
9 141 ±2.42
11 346 ±3.08
13 265 ±3.29
14 317 ±2.69
15 4.60 ±3.08
16 13.1 ±1.32
17 17.5 ±1.61
19 782 ±2.03
21 164 ±1.75
22 126 ±2.49
23 369 ±2.76
25 659 ±4.17
27 127 ±2.63
29 1400 ±4.53
31 160 ±2.33
32 972 ±3.88
33 180 ±2.47
34 302 ±2.83
35 257 ±2.72
36 788 ±5.65
37 93.1 ±2.07
38 125 ±2.21
39 50.0 ±2.62
40 167 ±2.75
42 0.741 ±1.48
44 292 ±5.64
46 54.0 ±2.89
49 95.6 ±1.80
50 52.4 ±2.19
51 8.76 ±1.49
52 215 ±4.34
55 148 ±3.21
K 7.61 ±1.47
H 6.96 ±1.57
I 9.02 ±1.47
Tables 1 & 2 show the levels of Cesium and Americium respectively above back-
ground expressed in becquerels per kilogram. Based on the EPAs code of federal reg-
ulations the maximum allowable safe level of surface soil radiation is 5 picocuries per
gram, which converts to a level of 185 becquerels per kilogram. Using this as a stan-
dard, from Table 1, samples 4, 14, 19, 25, 29, 32, 34, 36, 40, and 52 are considered to
be at unsafe levels for Cesium. From Table 2, samples 4, 11, 13, 14, 19, 23, 25, 29, 32,
34, 35, 36, 44, and 52 are considered to be at unsafe levels for Americium. This was
vi
expected considering the half lives of both nuclides. These samples were respectively
33.7, 1.4, 1.4, 2.4, 2.4, 2.6, 1.5, 1.6, 1.3, and 2.2 times greater than the safety level for
Cesium, with the average of the samples found to be over the safety limit being 4.8
times greater. For Americium the samples were respectively 35.8, 1.9, 1.4, 1.7, 4.2, 2.0,
3.6, 7.6, 5.3, 1.6, 4.3, 1.6, and 1.2 times greater than the safety level, with the average of
the samples found to be over the safety limit being 5.2 times greater. These averages
were slightly skewed due to sample 4 being so active.
vii
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4 Introduction
Several nuclear accidents have occured at the Windscale site in northwest England.
The most notable occurred on October 10, 1957 when a burst uranium cartridge caused
the surrounding graphite core to catch fire within the Unit 1 reactor (Schlager, 2008).
The workers were able to put out the fire but not before an estimated 22 TBq of Cesium-
137 (among other types of radiation) were released (Webb et al, 2006). The fire caused
irreparable damage to the reactor and as a consequence it was decommissioned, al-
though the site remained active (Schlager, 2008). Another case of importance to our
project occured on September 11, 1979. A tank overflowed during a transfer of ra-
dioactive effluent between buildings, resulting in an atmospheric release of 2.5 GBq
Americium-241 (Webb et al, 2006).
Accidents were not the only cause of radioactive discharge from Windscale. Since
the plant began operation in 1951, ”low level liquid effluents arising from a number of
sources on the Sellafield site are discharged to the Irish Sea via pipelines which extend
about 2.5km from the high water mark” (Gray et al, 1995). Because of the current sys-
tems and varying weather conditions the disbursement of the various radionuclides
is somewhat unpredictable, leaving the potential for them to wash ashore on the lo-
cal beaches (Mauchline, 1964). In 1995 a chronology of the effluent discharges was
compiled, including the levels in which each radionuclide was present.
Figure 2: Beta emitter effluent discharge levels from 1951-1992 (Gray et al, 1995)
Figure 1 above shows the chronological advancement of Beta emitter effluent dis-
charge and the respective quantities of the different radionuclides. From this graph it
is clear that the most abundant radionuclide released was Cesium.
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Figure 3: Alpha emitter effluent discharge levels from 1951-1992 (Gray et al, 1995)
Figure 2 above shows the chronological advancement of alpha emitter effluent dis-
charge and the respective quantities of the different radionuclides. From this graph it
is clear that the most abundant radionuclide released was Americium.
Several studies have been done on the area. A 1984 study done on seaweed samples
local to Sellafield found that they contained radioactivity levels 100-1000 times higher
than normal (Dickson, 1984). This was a result of a changing currents that washed
the effluent that was discharged from the pipeline ashore (Dickson, 1984). This study
however only tested seaweed samples so it is unknown what the soil radiation levels
were. A more recent study was done in 2005 that tested the radiation levels in Bally-
willan lake sediment (Gallagher et al, 2005). However since the lakes only source of
contamination was from airborne radiation, it is unlikely that the results of this test
will prove useful for this project.
In 1964, comprehensive testing was done to determine the radioactive contami-
nation resulting from this discharge. Beach sands, algae, coral, seaweed, and small
organisms were all tested to determine the beta activity present (Mauchline, 1964). Do
to this studies age and the occurrence of a spike in effluent discharge several years
after this study was published, the numerical data found was not entirely useful for
our study however several important conclusions were made. For one, it was deter-
mined that ”the receding tide leaves on the beach surface fine, highly contaminated
particles which on drying are lifted and carried by the wind” (Mauchline, 1964). The
particles are then largely deposited further along the beach, where the tides do not
reach, leading to zones of radiation accumulation (Mauchline, 1964). Secondly, it was
determined that radioactive decay is the main contributor to the decreasing of sand
particle radioactivity, not fluctuations in the effluent discharge levels or the washing
away of radioisotope particles.
The goal of this project was to determine the radioactivity of soil samples collected
from the beaches of Sellafield, UK and neighboring areas. Based on the findings of
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Gray et als 1995 report, Cesium-137 and Americium-241 were anticipated to be the
main radionuclides found. Because the main reason for loss of radioactivity in the
beach sands is radioactive decay and Cesium-137 experienced a half-life (approx. 30
years) between the time of peak discharge and the time of this project, it is not expected
to be found in high levels. However, Americium-241 has a half-life of approximately
432 years so it is anticipated to have minimally decayed.
5 Methodology
To start, the Osprey-DTB by Canberra was calibrated. The Osprey-DTB used was a
three by three inch sodium iodide (NaI) crystal scintillator. The goal of calibrating the
detector was to fit Cesium-137 (137Cs) and Americium-241s (241Am) photopeaks on
the same graph. This was accomplished by shifting the peak obtained from 137Cs to be
three quarters of the way across the graph which allowed enough room to the left of it
for the 241Am peak to be visible. The Cesium point source with a known photoelectric
peak of 662 KeV was used in order to adjust the absorption scale in Prospect, allowing
the detector to run until a minimum of 10,000 counts were collected, to ensure the
data was statistically valid. The coarse and fine gain was adjusted until the 137Cs
photopeak was located at the three quarter mark of the graph, which allowed viewing
of both the Cesium and lower energy peaks, on the same plot. The coarse and fine gain
settings that yielded the desired effect were 1.0 and 2.5 respectively. After adjusting
the gain, a region of interest (ROI) was created around the photopeak and Cesiums
information was inputted into Prospect, which set that channel number at 662, scaling
the graph automatically. The Cesium button source was first used to calibrate. The
process of creating ROIs was then repeated for Americium-241, Cobalt-57 (57Co), and
Sodium-22 (22Na) sources to ensure an accurate calibration of the machine. The button
sources were from Spectrum Techniques. The serial numbers were as follows, 137Cs:
103135, 57Co 103133, 22Na: 103137. The Americium source was taken from a smoke
detector, since an actual button source of 241Am was unobtainable. The activity of
the sources were 137Cs: 36116.23 Bq, 57Co: 343.26 Bq,22Na: 34540.57 Bq, and 241Am:
36987.15 Bq. One becquerel, a unit used to measure radioactivity, is equivalent to the
rate of radioactive decay at a rate of 1 disintegration per second. The ROIs for Cesium-
137 and Americium-241 were saved, since those were the most likely elements to be
found during sample testing; however, the other ROIs were deleted, since they were
no longer necessary. The ROI for 241Am was from channel number 106 to 181. This in
energy was 38.99 keV to 73.63 keV. The ROI for 137Cs was from channel number 1315
to 1576, or 597.44 keV to 718.0 keV. Any activity seen during sample testing within the
range of channels set by the ROIs used during calibration was included as part of the
photopeak, and used to determine a samples radioactivity levels. Some of the samples
did not produce a higher Americium photopeak than the surrounding activity. Those
samples were given a more narrow ROI to ensure that the only counts detected were
that of Am-241. The channel numbers were 134 to 160, which correlated to 51.46 keV
to 63.47 keV. Background radiation was accounted for by running the NaI detector for
24 hours with no sample on the detector face. Background testing was conducted four
times, during different seasons and weather conditions, to ensure the data was valid.
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Figure 4: Background results from Prospect using the broader Americium ROI
Figure 5: Background results from Prospect showing the narrower Americium ROI
Figure 4 and 5 above show one of the four background tests. In Figure 4, the ROI’s
for Cesium and Americium are highlighted in red and green respectively. Figure 5
shows the broader Americium ROI used for more acive samples in red and the nar-
rower Americium ROI in green. The average of the four background tests was used in
several subsequent calculations to ensure an accurate measurement.
Unlike the button sources, the soil samples were not designed to be used with the
test apparatus. They were significantly larger, shapeless and could not be considered
a point source. The detector is most efficient when a sample is at its center and contin-
ually less so as the sample approaches the sides. This doesnt necessarily matter when
working with point sources located at the center of the detector; however, the radial
efficiency of the detector needed to be taken into account when working with larger
samples that cover more of the detector face. To standardize shape and size, the sam-
ples were moved into petri dishes, seven centimeters in diameter. The samples were
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placed in the petri dishes so a thin layer was spread evenly across the dish.
(a) A Top view of the petri dish
(b) A side view of the petri dish
Figure 6: A visual of petri dish setup
Because the samples were thin, any vertical detector face efficiency deviations were
ignored. The circular petri dishes made the issue of radial efficiency loss simple. To
account for this, a piece of paper was used since it would not interfere with any gamma
particles passing through. The paper had concentric rings printed on it, the biggest of
which was the same diameter as the detector face (three inches), to calibrated for radial
efficiency.
(a) empty detector (b) detector with sample
Figure 7: A visual of the test setup
The Cesium-137 button source was placed center on the innermost ring and the
detector run for several minutes to collect a sufficient number of counts (10,000). The
Cesium-source was then moved radially outwards. At each ring, the test was run
again and data points collected until the button source was all the way to the edge of
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the detector. At each location, the number of counts per second was recorded. The fol-
lowing equation was used to determine the efficiency of the detector at each distance
from the center.
e =
Ne − Nb
S(0.5)
e = the detector face efficiency
Ne = the experimental count rate
Nb = the background count rate
S = photon emission rate
Ne and Nb were obtained as results from the detector, however S had to be calculate.
Since the Cesium button source was about 3 years old it had to be decay corrected
before calculating the value of S. This was done using the radioactive decay equation
to determine the current activity of the sample
N(t) = N0e
ln (2)t
t1/2
N0 = the original activity
N(t) = the current activity
t1/2 = the half life
The original activity was given in µCi which was converted to Bq using the con-
version:
Bq = (µCi ∗ 10−6) ∗ (3.7 ∗ 1010) (US Department of Health and Human Serivices)
Once the current activity was in Bq it was multiplied by the photon probability to
get the current value of S, which in the case of Cesium was 30,734 photons/s. In the
efficiency equation, the one half was divided to account for the fact that the detector
only picks up half of the photons emitted from the button source. This is because
the button source emits photons in all directions, not just into the detector. Excel was
used to generate a graph from the data collected, using a polynomial line of best fit to
determine the equation in calculations for the radial efficiency of 137Cs.
Because the detector face efficiency differs between emitted energy levels we could
not use the efficiency calculated using Cesium for Americium. However, Americium-
241s radial efficiency was tested in a method similar to the one used for Cesium-137.
Here there was the added challenge of not having an Americium-241 button sample.
The closest available button source to Americium-241 was Cadmium-109 with a pho-
topeak of 88 KeV.
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Figure 8: Absorption Efficiencies of varius radionuclides (Saint-Gobain)
Figure 6 shows the absorption efficiency of different energy levels with various
sizes of crystals. The detector had a crystal thickness of 3 inches. According to the fig-
ure, the 3-inch crystal has a 100% absorption efficiency for all photons with energies
below 250 keV. This means that the detector will count the same amount of photons
from Cadmium-109, which emits photons at 88 keV, as it does from Americium-241,
which emits photons at 59.5 keV. With this information, Cadmium-109 was deter-
mined to be a viable substitute to find the radial efficiency of Americium-241. The
radial efficiency Cadmium-109 was tested in the same method used for Cesium-137.
The soil samples were then tested in the petri dishes for 24-hours. Once the test
was complete, the information was saved and the number of counts were exported
to an Excel spreadsheet. To account for inaccuracy with the detector, three significant
figures were used. The right-tail method was used to find the statistical probability
that fluctuations in background radiation were responsible for any of the higher counts
found in the experimental measurement. This could be used since the photopeaks
produced by the detector could be modeled as Poisson curves. To use this method the
standard deviation is given by the equation
σ =
√
v¯
σ = standard deviation
v¯ = mean value
Again this equation could be used because of the assumption made of a Poisson
approximation. In order to get the standard deviation of the net count, we had to use
the equation
σt =
√
(σb
2 + σe
2)
σt = the net standard deviation
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σb = the background standard deviation
σe = the experimental standard deviation
Where σb and σe were calculated using the above equation for Poisson standard de-
viation. Next, the fractional uncertainty of the sample was calculated. This represents
the numerical value of uncertainty in the number of counts. The equation used was
f ractional uncertainty =
σt
Ne − Nb
The counts detected were then converted to becquerels using the equation
Activity(Bq) =
2NDF
fptc
Where NDF is given by the equation
NDF =
Ne − Ne
e
The samples were then weighed and the activity was converted to becquerels per
kilogram using the equation
Activity(Bq/Kg) =
Activity(Bq)
m
m = dry mass in kilograms
The fractional uncertainty was carried through all of calculations and reported as
final uncertainty in units of becquerels per kilogram.
After the activity was calculated in becquerels per kilogram of both Cesium and
Americium, a scatter plot was made plotting the Cesium values against the Ameri-
cium values. A linear regression was done on this scatter plot in order to determine
its R2 value. This was done to determine if there is a correlation between the activity
of Americium and Cesium. Then, the data analysis feature in Excel was used to make
a histogram plotting the activity levels of Cesium and Americium for each sample on
a logarithmic scale. Lastly, the data analysis tool in Excel was used to make another
histogram showing the number of samples above and below the safety level discussed
later in the methodology.
All of the samples coordinate locations were converted to decimal and inputted
into Excel. Using Google Maps, a map was created using the standardized decimal
coordinates. At each sample location, a marker was placed and designated by Sample
X, where X is the appropriate sample number. A marker was then made called Sell-
afield at the location of the Windscale Reactor. This marker was colored green. Several
of the samples were off the shore of the beach and when mapped, in the ocean. To
account for this, the shortest possible line was drawn from the given coordinates to
the nearest land mass. This line was called, Sample X Correction Line. A new marker
was created called, Sample X Correction. This was the marker used to calculate the
distance from the Sellafield marker. To calculate the distance from Sellafield, the Mea-
sure Distance tool in Google Maps was used. A table was created with the sample
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number and distance from Sellafield included. Due to the sensitive nature of samples
K, H, and I coordinates were not provided, but rather city names and distance from
Sellafield. Because they did not have exact locations, they were not included on the
map.
To give reference to the safety of radiation found from the soil samples, the United
States Environmental Protection Agencys (EPA) 40 Code of Federal Regulations (CFR)∮
192.12 was used. The recommended safe levels of radiation outlined in the document
came with two standards, one for surface level soil and one for below ground samples.
The value used was surface soil samples, or soil collected within 15 centimeters of the
surface. This value was then compared to the collected soils radiation levels. Every
sample that was found to have a higher level of radioactivity than deemed safe by the
EPA was denoted as such with a red marker on the map. Samples that were under the
EPA limit, were indicated as so with a blue marker.
11
6 Results
6.1 Activity level results
Table 3: Avtivity levels of Cesium in Bq/Kg
Sample Number Activity (Bq/Kg) ±σ
4 6230 ±30.6
9 81.0 ±4.13
11 121 ±4.73
13 107 ±5.36
14 267 ±4.30
15 60.9 ±10.1
16 62.6 ±4.25
17 166 ±5.30
19 259 ±2.14
21 66.5 ±2.79
22 33.5 ±4.24
23 82.6 ±4.02
25 448 ±6.24
27 65.7 ±4.55
29 438 ±5.16
31 137 ±3.98
32 483 ±5.00
33 104 ±4.11
34 271 ±4.61
35 81.5 ±4.29
36 288 ±8.30
37 43.1 ±3.60
38 36.5 ±3.72
39 16.7 ±4.76
40 238 ±4.86
42 0 ±0.00
44 179 ±9.72
46 28.4 ±5.25
49 138 ±3.22
50 36.3 ±3.96
51 21.4 ±4.80
52 411 ±7.90
55 112 ±5.62
K 16.7 ±4.76
H 21.0 ±5.08
I 13.6 ±4.73
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Table 4: Avtivity levels of Americium in Bq/Kg
Sample Number Activity (Bq/Kg) ±σ
4 6630 ±22.2
9 141 ±2.42
11 346 ±3.08
13 265 ±3.29
14 317 ±2.69
15 4.60 ±3.08
16 13.1 ±1.32
17 17.5 ±1.61
19 782 ±2.03
21 164 ±1.75
22 126 ±2.49
23 369 ±2.76
25 659 ±4.17
27 127 ±2.63
29 1400 ±4.53
31 160 ±2.33
32 972 ±3.88
33 180 ±2.47
34 302 ±2.83
35 257 ±2.72
36 788 ±5.65
37 93.1 ±2.07
38 125 ±2.21
39 50.0 ±2.62
40 167 ±2.75
42 0.741 ±1.48
44 292 ±5.64
46 54.0 ±2.89
49 95.6 ±1.80
50 52.4 ±2.19
51 8.76 ±1.49
52 215 ±4.34
55 148 ±3.21
K 7.61 ±1.47
H 6.96 ±1.57
I 9.02 ±1.47
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6.2 Statistical calculation results
Table 5: Statistical Data for Cesium
Sample Number Standard Deviation Right-Tail Probability Percent Uncertainty
4 456 0 0.494%
9 350 0 5.14%
11 353 0 3.92%
13 350 0 5.00%
14 372 0 1.61%
15 343 2.9e-9 17.1%
16 347 0 6.81%
17 356 0 3.21%
19 406 0 0.825%
21 352 0 4.19%
22 344 0 12.7%
23 350 0 4.87%
25 378 0 1.39%
27 347 0 6.95%
29 385 0 1.18%
31 358 0 2.91%
32 392 0 1.04%
33 353 0 3.96%
34 371 0 1.70%
35 350 0 5.30%
36 358 0 2.89%
37 346 0 8.44%
38 345 0 10.1%
39 342 9.4e-5 28.5%
40 365 0 2.05%
42 340 0.500 100%
44 349 0 5.46%
46 343 2.2e-8 19.0%
49 362 0 2.32%
50 344 0 11.1%
51 342 6.7e-6 22.8%
52 367 0 1.93%
55 350 0 5.00%
K 342 1.9e-4 28.5%
H 342 2.5e-5 24.4%
I 341 1.9e-3 34.1%
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Table 6: Statistical Data for Americium
Sample Number Standard Deviation Right-Tail Probability Percent Uncertainty
4 420 0 0.340%
9 260 0 1.74%
11 292 0 0.903%
13 273 0 1.26%
14 295 0 0.856%
15 133 0.0828 72.1%
16 137 0 10.2%
17 137 0 9.41%
19 490 0 0.262%
21 280 0 1.09%
22 256 0 1.99%
23 305 0 0.756%
25 321 0 0.640%
27 255 0 2.07%
29 429 0 0.326%
31 266 0 1.47%
32 385 0 0.403%
33 269 0 1.39%
34 289 0 0.944%
35 281 0 1.07%
36 309 0 0.725%
37 253 0 2.28%
38 259 0 1.79%
39 239 0 5.32%
40 262 0 1.65%
42 132 0.353 264.3%
44 257 0 1.95%
46 239 0 5.44%
49 257 0 1.92%
50 242 0 4.24%
51 135 9.43e-9 17.8%
52 255 0 2.04%
55 253 0 2.22%
K 134 4.10e-9 20.3%
H 134 5.50e-6 22.8%
I 135 1.55e-9 16.9%
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Figure 9: A plot of the activity levels of Cesium and Americium
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Figure 10: A plot of the activity levels of Cesium and Americium without sample 4
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Figure 11: A histogram showing activity levels of each sample on a log scale
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Figure 12: A histogram showing the number of samples above and below the safety
level
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6.3 Visuals
Table 7: Sample locations
Sample Number Coordinates Distance from Site (Km)
4 54.425, -3.504 11.95
9 54.487, -3.606 9.46
11 54.474, -3.591 7.72
13 54.351, -3.409 10.26
14 54.357, -3.413 9.74
15 54.212, -3.272 28.09
16 54.434, -3.519 1.39
17 54.437, -3.521 1.7
19 54.358, -3.410 9.76
21 54.399, -3.493 3.02
22 54.395, -3.487 3.50
23 54.402, -3.500 2.62
25 54.409, -3.509 1.82
27 54.118, -3.249 38.15
29 54.357, -3.416 9.68
31 54.352, -3.411 10.12
32 54.358, -3.413 9.59
33 54.357, -3.413 9.75
34 54.355, -3.413 9.78
35 54.356, -3.412 9.80
36 54.371, -3.442 7.21
37 54.373, -3.467 6.28
38 54.373, -3.472 6.24
39 54.257, -3.403 19.86
40 54.407, -3.509 1.92
42 54.200, -3.325 27.81
44 54.255. -3.215 26.53
46 54.192, -3.255 30.65
49 54.219, -3.355 25.00
50 54.226, -3.381 23.66
51 54.707, -3.866 XXX
52 54.613, -3.570 21.28
55 54.571, -3.971 XXX
K Thornhill 5.0
H Whitehaven 14.0
I Ingelton 90.0
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Figure 13: An overall map showing all of the samples tested21
Figure 14: A zoomed in map of the southernmost region tested
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Figure 15: A zoomed in map of the middle region tested
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Figure 16: A zoomed in map surounding the Sellafield location
24
Figure 17: A zoomed in map of the northernmost region tested
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7 Discussion
Tables 1 & 2 show the levels of Cesium and Americium respectively above background
expressed in becquerels per kilogram. Based on the EPAs code of federal regulations
the maximum allowable safe level of surface soil radiation is 5 picocuries per gram,
which converts to a level of 185 becquerels per kilogram. Using this as a standard,
from Table 1, samples 4, 14, 19, 25, 29, 32, 34, 36, 40, and 52 are considered to be
at unsafe levels for Cesium. From Table 2, samples 4, 11, 13, 14, 19, 23, 25, 29, 32,
34, 35, 36, 44, and 52 are considered to be at unsafe levels for Americium. This was
expected considering the half lives of both nuclides. These samples were respectively
33.7, 1.4, 1.4, 2.4, 2.4, 2.6, 1.5, 1.6, 1.3, and 2.2 times greater than the safety level for
Cesium, with the average of this data being 4.8. For Americium the samples were
respectively 35.8, 1.9, 1.4, 1.7, 4.2, 2.0, 3.6, 7.6, 5.3, 1.6, 4.3, 1.6 and 1.2 times greater
than the safety level, with the average of this data being 5.2. The mean and median
Cesium activity values were 310 ± 168 Bq/Kg and 93 Bq/Kg respectively. While the
mean and medium Americium activity values were 428 ± 182 Bq/Kg and 154 Bq/Kg
respectively. Both mean values were well above the EPAs safety levels however the
high standard deviation values indicated that the average is skewed by a few highly
active samples rather than reflective of the data as a whole. The median values were
both below the EPAs safety level which is indicative of the distribution of samples
falling more below 185 BQ/Kg than above.
Tables 3 & 4 show the results of the statistical analysis outlined in the Methodology.
Any value smaller than 0.05 (5%) obtained from the right-tail analysis indicates that
the data is statistically significant. This means that nearly all samples had measured
radiation levels high enough to be considered above the background level for both Ce-
sium and Americium. The only sample that did not was Sample 42. The percent un-
certainty column of Tables 3 & 4 shows the preliminary percent uncertainty calculation
detailed in the methodology. Despite running the samples for 24 hours, a net count
of 10,000, which would result in an uncertainty of 1%, was not achieved for many of
the samples resulting in high uncertainties for some. This was more prominent in the
Cesium data (Table 3) as Americium was generally the more abundant radionuclide
found. Of the samples found to be above the EPAs safety level, none had uncertainties
higher than 3.0%. These uncertainties were carried through all calculations and were
reported in Tables 1 & 2 as the ± value.
Figure 7 shows the results of the original scatter plot of activities. This plot had an
R2 value of 0.9636 indicating a strong correlation between the data sets. This means
that when one radionuclide is found to be above the safety level it is highly likely
that the other radionuclide will be also. Because Sample 4 was so much more active
than the other samples it skewed the R2 value. In order to confirm that there is a
correlation, the process of creating the scatter plot was repeated without Sample 4
data. This second scatter plot (Figure 8) still shows a correlation between Cesium
and Americium activity however, with an R2 value of 0.6404 it is not as strong of a
correlation. Figure 9 shows the sample activities for both Americium and Cesium
on a logarithmic scale. From this histogram, the general trend of more Americium
activity than Cesium can be seen. Figure 10 is a visual representation of the number
of samples above and below the safety level. From this histogram it is easy to see
two things: more samples were below the safety level of 185 Bq/Kg than above, and
more samples with levels of Americium higher than the safety level were found than
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samples with Cesium levels higher than safety.
For the purposes of the discussion, the overall map, (Figure 13), was broken up
into four smaller regions to better observe trends in radioactive samples. For an exact
coordinate location of the samples, refer to Table 5. This table also displays a more
precise distance from Sellafield. The lowest region of soil samples, found in Figure
14 displayed a fairly consistent trend. Seven of the eight samples tested were found
to have safe levels of radiation according to the EPA. Sample 44 was found to have
above the safe levels of radiation for Americium-241, but not for Cesium-137. The
EPA states that any soil sample within 15 centimeters of the surface should not be
above 185 Bq/Kg. From the soil samples collected and measured, this area is largely
within the recommended safe radioactive levels. The mean and median activity levels
for Cesium in this region were 66 ± 23 Bq/Kg and 35 Bq/Kg respectively. The mean
and median activity levels for Americium in this region were 78 ± 35 Bq/Kg and 52
Bq/Kg. All values were well below the safety level indicating a low activity region.
Northward from the previous set of samples, is Ravenglass as seen in Figure 15. A
large group of samples are located near one another, close to the River Mite. Of the
nine samples in this area, five are above safe levels of radioactivity for both 241Am and
137Cs , two samples are above safe levels of radioactivity for 241Am but not 137Cs , and
two samples are below for both. A significant portion of the samples tested in this area
were above safe levels. The mean and median Cesium activity levels were 142 ± 31
Bq/Kg and 108 Bq/Kg respectively. The mean and median Americium activity levels
in this region were 271 ± 66 Bq/Kg and 257 Bq/Kg. These values for Americium
were both above the safety level indicating the region is truly active with regards to
Americium, not skewed by a few active samples. The mean and median values of
Cesium were both under the safety level, but not as low as other regions indicating
moderate activity.
Just below Sellafield as seen in Figure 16, sample 25 is above recommended safe
levels of radioactivity for 137Cs and 241Am. Directly below sample 25, is sample 40;
which is the only sample found that had a higher than recommended level of 137Cs, but
not 241Am. Sample 23 is the last sample close to south Sellafield to have a significant
amount of 241Am. The other notable radioactive sample grouped here is sample 36,
which is near the River Irt. It was found to have high levels for both isotopes tested.
The mean and median Cesium activity levels in this region were 155 ± 51 Bq/Kg and
75 Bq/Kg respectively. The mean and median values for Americium were 311 ± 89
Bq/Kg and 166 respectively. Both sets of data had medians much lower than their
means indicating that the activity levels in this region varied. In the case of Cesium
both values fell below the safety level whereas with Americium the mean was well
above the safety level and the median was slightly below. This indicates that there
were a few highly reactive samples which caused the mean to be large but the majority
of the data set fell under the safety limit.
North of Sellafield, fewer samples were tested. Figure 17 includes the samples
above Sellafield. Of those samples, two were found to be below recommended levels.
Sample 17 and 52 were found to be radioactive above the EPAs limit for both. Sample
11 was above the 185 Bq/Kg for just 241Am. The mean and median activity levels for
Cesium were 108 ± 58 Bq/Kg and 101 Bq/Kg respectively. In this region the mean
and median values of Americium were 129 ± 42 Bq/Kg and 101 Bq/Kg respectively.
All of this data was below the EPAs safety level indicating a low activity region.
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8 Conclusions
Of the 36 samples tested 10 (28%) were found to be over the safety limit for Cesium and
14 (39%) were found to be over the safety limit for Americium. It was expected that
more samples would have higher Americium levels than Cesium, however based on
the difference in half-lifes the difference in activity levels is not as large as anticipated.
As mentioned in more detail in the discussion section, the majority of highly active
samples were found grouped together in the middle regions. In general samples that
were over the safety level were high in both Cesium and Americium, however there
were a few samples where the activity was not coupled.
28
9 References
(1) 40 CFR 192.12 - Standards. (n.d.). Retrieved March 20, 2018,
from https://www.law.cornell.edu/cfr/text/40/192.12
(2) D. Gallagher et al. Retrospective Search for Evidence of the 1957 Windscale Fire
in NE Ireland Using 129I and Other Long-Lived Nuclides. Environmental Science &
Technology, vol. 39, no. 9, 2005, p. 2927
(3) Dickson, D. ”Radioactive seaweed stirs U.K. low-level waste fight.” Science, vol.
223, 1984, p. 35. Academic OneFile,
(4) G A M Webb et al 2006 J. Radiol. Prot. 26 33
(5) J Gray et al 1995 J. Radiol. Prot. 15 99
(6) Mauchline, J., Taylor, A., & Ritson, E. (1964). The Radioecology of a Beach. Lim-
nology and Oceanography, 9(2), 187-194.
(7) Saint-Gobain. (n.d.). Efficiency Calculations for Selected Scintillators
(8) Radiation Units and Conversions. Radiation Units and Conversions - Radiation
Emergency Medical Management, US Department of Health and Human Serivices
(9) ”Windscale reactor complex fire - England: 1957.” When Technology Fails, edited
by Neil Schlager, Gale, 2008.
29
10 Appendix A: Authorship
The introduction was written by both members, Bailey Waterman and Jack Kahler.
The background information was researched by Bailey Waterman. She also wrote the
parts in the methodology pertaining to any statistical calculations. Jack Kahler wrote
the rest of the methodology. All tables were created by Bailey, and maps by Jack.
Along with that, Bailey wrote the discussion on the tables and statistics, while Jack
did the maps. The conclusion was written by Bailey. The executive summary was put
together by Jack. Both members edited each section.
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11 Appendix B: Zoomed in Maps of Selected Samples
Figure 18: A zoomed in map of the Sellafield location
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Figure 19: A zoomed in map of Sample 52
Figure 20: A zoomed in map of Samples 36-38
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Figure 21: A zoomed in map of Sample 27
Figure 22: A zoomed in map of Sample 4
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Figure 23: A zoomed in map of Samples 9 & 11
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